Graphene oxide (GO) is an interesting material that has the potential for a wide range of applications. Critical for these applications are the type of oxygen bond and its spatial distribution on the individual GO sheets. This distribution is not yet well understood. Few techniques offer a resolution high enough to unambiguously identify oxygen configuration.
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Introduction
One of the limitations for more extensive use of graphene-based materials is the challenge of mass production but graphene oxide (GO) has been widely adopted as a starting material for material synthesis [1, 2] and there is potential for many more technological applications, [3] [4] [5] [6] such as optoelectrical and electronic devices, heterogeneous catalysis, polymer composites as well as in biomedicine and biotechnology. Because GO is covalently decorated with oxygen on its plane and edges, [7] it is hydrophilic, which makes fabrication of graphene containing devices from solution both economical and practical. Perhaps most important, the aromatic scaffolds and the oxygen networks on GO provide abundant anchoring sites for functionalization by ions, polymers, nanoparticles and biological species. [5, 6] In the aim of tailoring the fundamental properties of GO, to unleash its potential for applications, detailed understanding of atomic composition and bonding is required. The ideal graphene structure, a single layer of sp 2 bonded carbon atoms arranged in a honeycomb motif, is well known. However, once oxidized, GO restructures so the atomic arrangement becomes heterogeneous, affecting its composition and chemical properties. The unresolved questions are: What is the distribution of oxygen bonding on GO? And how does this affect the underlying carbon template? An accurate structural model is a prerequisite for predicting reactivity. Uncertainty remains because the ultrathin GO layers make analysis difficult.
Several spectroscopic approaches have been used to investigate the type, abundance and distribution of oxygen that is chemically bonded to the carbon network. Such techniques include nuclear magnetic resonance (NMR), [7] [8] [9] X-ray absorption near edge spectroscopy (XANES), [10] Raman spectroscopy, [11] X-ray photoelectron spectroscopy (XPS), [12, 13] and
Fourier transform infrared spectroscopy (FTIR). [12, [14] [15] [16] M A N U S C R I P T
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4 Based on data from NMR with isotope labelling, the most widely used structural model of GO was proposed by Lerf-Klinowski (LK). [7] In this model, oxygen is bonded singly to the GO carbon plane, in configurations reminiscent of epoxy and hydroxyl, which provide structural rigidity to GO, while oxygen is bonded singly and doubly on the edges, as in carboxyl, and these oxidized groups give rise to its solubility in water. The general model has not changed much since it was proposed but more recent results [8] have triggered modifications, such as addition of oxygen in other configurations, as in ketones, lactols and ester carbonyls. The model was further improved by the results from a set of experiments that revealed simple spatial connectivity between regions with oxygen in epoxide and hydroxyl arrangements. [9] Use of other analytical techniques has also provided indirect evidence that is consistent with the LK model. [10, [17] [18] [19] With XANES, the various carbon bonding environments for oxygen were explored, to resolve the composition and structure of GO. [10] Results confirmed the essence of the LK model but could only provide a macroscopic perspective, i.e. data averaged over many surfaces. In other studies, the oxidized and unoxidized areas of GO have been explored using high resolution transmission electron microscopy (TEM) [17] and electron energy loss spectroscopy (EELS), [18, 19] providing proof that oxygen atoms are randomly attached to GO sheets, converting carbon bonds from sp 2 to sp 3 . Other spectroscopic techniques, [11] [12] [13] [14] [15] [16] mainly Raman, XPS and FTIR, have provided information about oxygen bonding neighbours and their relative proportions but details about the actual spatial distribution of oxygen and its bonding types on GO, at the nanometer scale, has not been possible.
Our purpose was to map the spatial distribution of C-O and C=O bonds on GO and use the direct experimental observations from the nanometre scale to propose a more robust structural model. We characterized GO and identified the location of oxygen and the type of
bonding using a new technique: AFM-IR. [20] [21] [22] It combines atomic force microscopy with a pulsed IR laser that is tuneable over the mid IR range (900-3600 cm -1 ). It allows IR spectroscopy at AFM resolution, namely tens of nanometres in x and y and 0.1 nm or less in z.
This resolution is not possible with standard, optical IR because of the diffraction limit but by combining the best of two worlds, we can visualize oxygen bonding on GO with near molecular resolution. GO was prepared by harsh oxidation of the graphite powder by the modified Hummers method. [23, 24] In a typical reaction, we put 1 g graphite and 0.5 g NaNO 3 into a round bottomed flask and added 24 mL of concentrated H 2 SO 4 . The mixture was placed on ice and stirred for 5-10 minutes, then 6 g KMnO 4 was added in small portions over a period of 30 minutes. The reaction mixture was stirred on ice for 2 hours more. The flask was then transferred to an oil bath, preheated to 35 ℃ and left to oxidize for 16 hours. Reaction refinement and purification were initiated by adding 40 mL ultrapure deionised water dropwise into the reaction mixture under stirring, which was then briefly heated to 90 ℃ for 5 minutes. The reaction vessel was allowed to cool to room temperature and 100 mL ultrapure water was added in one portion. Oxidation was terminated by adding 4 mL H 2 O 2 (33 %) dropwise into the flask.
Experimental
Sample preparation
The freshly synthesized GO was rinsed 5 times with ultrapure water and centrifuged, to remove residual acid and salts. Typically, 4-6 repetitions were sufficient to achieve proper washing, which was tested by measuring pH of a neutral supernatant. The material was delaminated by mild sonication for 4 minutes and centrifugation at 2000 rpm until no visual sedimentation was observed. Finally, the GO was centrifuged twice at 9000 rpm to remove oxidative debris, [25] which are small size functionalized graphene rich in oxidized groups. For each experiment, a 30 µL aliquot of the GO solution was deposited on a clean gold substrate and dried in a stream of clean nitrogen gas.
X-ray photoelectron spectroscopy
The chemical state and the element composition of GO were determined with XPS (Kratos Axis Ultra DLD), using monochromatized Al Kα ( hυ=1486.6 eV ) as the excitation source. [26] The data were analyzed using commercial software, CasaXPS, and a Shirley background fit.
The carbon peaks were referenced to 285.0 ± 0.1 eV. [13] Uncertainty in XPS binding energy is about 0.1 eV. Uncertainty in the atomic percentages determined from XPS data is on the order of 5-10%.
Raman spectroscopy
Raman spectroscopy was performed using a Thermo Scientific DXRxi fitted with a 532 nm laser. Using a laser power of 3 mW, 180 Hz collection frequency was scanned 900 times per pixel through at 100x objective.
Fourier transform infrared spectroscopy
We used a FTIR Vertex v70 from Bruker coupled to a infrared microscope Hyperion 2000
for micro-FTIR measurements. The light source is a SiC "glowbar" and we measured in reflection and transmission modes. The detector is a liquid nitrogen cooled MCT (Mercury
Cadmium Telluride) detector. The measurement window was 900-2000 cm -1 and 2500-3600 cm -1 range. We averaged over 128 spectra with a spectral resolution is 4 cm -1 .
Infrared nanospectroscopy using AFM-IR
The localized nanoscale mid-IR spectra were collected using a nanoIR2 instrument (AFM-IR)
from Anasys Instruments, Inc. It consists of an AFM with a pulsed, tunable IR laser. With AFM-IR, one can generate topographic images of GO with the AFM and it also serves as a nearfield detector for measuring the absorption of IR radiation. In mapping mode, one sets the laser at a specific wavelength and collects absorption intensity data over a selected area.
Spatial resolution is about 40 nm per pixel. In spectra mode, one can acquire IR spectra at specific sites while ramping the energy of the laser.
With the tunable IR sources on our instrument, pulse length is about 10 ns and energy ranges over the middle IR region (900-3600 cm -1 ). In Supplementary Fig. S1A , it shows the principles of the technique based on the photothermal induced resonance effect. [20, 21] When IR radiation is absorbed by a sample, it heats, causing an almost instantaneous thermal expansion that induces oscillations of the AFM cantilever. The oscillations decay in a ringdown mode ( Supplementary Fig. S1B ), which typically contains multiple frequencies and amplitudes ( Supplementary Fig. S1C ). Because sample expansion is much faster than AFM feedback (typical laser repetition rate 1 kHz), it allows sufficient time for completing a ringdown and exciting resonant modes of the AFM cantilever before a new pulse arrives. The ringdown is usually analyzed by Fourier transform, to extract the useful information. The resonant amplitudes in the cantilever are proportional to the intensity of the IR radiation that was absorbed by the sample.
All of the AFM and IR spectroscopic images were obtained in contact mode. At the beginning of the IR spectra acquisition, IR background calibration was conducted in the M A N U S C R I P T
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8 ranges of 900-2000 and 2500-3600 cm -1 , to provide a baseline for removing the effect of power variation in the IR source. Five background spectra were collected and averaged. The second mode of cantilever oscillation was chosen for the cantilever ringdown signal at a frequency center of 186 kHz, with a frequency window of 50 kHz. An average of 256 scans was used for optimization. We usually selected a low laser power to avoid burning the sample.
The optimization step was repeated four times from a 800 µm x 800 µm search area to a 100 µm x 100 µm search area to optimize the signal and to centre it under the cross hair. We acquired the spectra over the 900-2000 and 2500-3600 cm -1 ranges, with an energy resolution of 4 cm -1 /pt and a co-average of 256 scans, which meant that it took a couple of minutes to record a spectrum. In the acquisition of IR maps, we reduced the scan rate to 0.1 Hz and the co-average to 16 scans. We took data at the frequency of 256 pixels in both x and y. The total time for acquiring one map was ~25 minutes. The amplitude and frequency images were collected simultaneously by obtaining the contact resonant signal from the cantilever ringdown as a function of position.
Results and Discussion
Figure 1A is a topographic image of several flakes of GO adhering on a gold substrate. In the upper left corner (Sites 1, 2 and 3), several layers (as many as six) of GO overlap, whereas in the upper right (Site 4), monolayer GO is visible. In the central to the lower right of the image (Sites 5 and 6), the bare gold surface is exposed. Six AFM-IR spectra were collected at these positions (Fig. 1B) . All the positions were on basal planes far (at least 100 nm) from any folds and edges in the GO. In the multilayer spectra (S1 to S3), one sharp peak occurs at ~1025 cm -1 with small shoulders at 1010 cm -1 , 995 cm -1 and 975 cm -1 . The dip at ~1100 cm -1 is an artefact resulting from shift in laser power to increase instrument sensitivity above this wavenumber. structures, such as epoxy, hydroxyl, ether and carboxyl. [12, [14] [15] [16] 27] Depending on the experimental setup, absorption in the 970-1100 cm -1 range has been assigned to epoxy. [16, [27] [28] [29] Absorption from 900-1100 cm -1 , with a maximum peak at 1025 cm -1 , observed for the multilayer spectra (Fig. 1B) , is consistent with a mixture of C-O stretching vibrations, mainly from a configuration resembling epoxy. The strength of the C-O peaks relative to the others suggests highest density for oxygen bonded singly to carbon, in good agreement with our XPS results (Supplementary Note 1 and Fig. S2 ) and with other published work. [30, 31] The absorption band observed at 1300-1450 cm -1 in Fig. 1B could originate from hydroxyl [12] attached to aromatic carbon that is situated above the carbon plane, giving rise to deformation vibrations, [32] or from hydroxyl in carboxyl configuration, absorbing in bending mode. [33] The inset of Fig. 1B shows the IR absorption profiles in the 1500-1850 cm -1 range in more detail.
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In the multilayer spectra (S2 and S3), absorption at ~1600 cm -1 could result from the aromatic bond stretching in the carbon plane. This peak is weak in the multilayer spectrum of S1 but it is consistent with high absorption for the oxidized GO, suggesting that the number of double bonds in the carbon network is lower at the expense of more oxidized groups at this site. The absorption region at 1720 cm -1 is characteristic of C=O stretching vibrations from carbonyl.
However, it is difficult to distinguish different carbonyls, such as carboxyls, ketones, lactones and anhydride due to the overlapping spectral features (1650-1850 cm -1 ) for their vibrations. [15, [34] [35] [36] Spectrum S4 was recorded on a single layer GO that was only 1 nm thick.
Absorption in the 900-1100 cm -1 range is much lower in monolayer than the absorption for multilayer GO. Higher frequency absorption is negligible but the sample is only 1 molecular layer of carbon with associated oxygen. In the control spectra, S5 and S6, there were no distinct IR peaks. The assignments of main peaks in the AFM-IR were consistent with our M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
11 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
12 micro-FTIR spectra in Supplementary Fig. S3 but with small shifts of the band for C=O stretching vibrations at ~1700 cm -1 , -OH at ~1500 cm -1 , C-O at ~1100 cm -1 . A Raman spectrum of the GO displayed a spectrum consistent with the structural imperfections introduced to the graphene by the various ways oxygen was attached (Supplementary Note 2 and Fig. S4 ).
We proved reproducibility by repeating the experiment with new tips and new samples. In some cases, we found new relationships. Figure 2 , from a new experiment, shows that absorption spectra mainly reproduced the data of Fig. 1 , with the same main absorption in the 900-1100 cm -1 range but for this sample, there is a slight shift for the maximum peak from 1025 to 1012 cm -1 . This suggests a slight difference in the proportion of C-O bonds beneath the tip, causing a slight shift in the absorption profile. Absorption at 1720 cm -1 , assigned to C=O, is also observed in Fig. 2 . Comparison of the single layer spectrum in Fig. 1 (S4) and for Fig. 1 (S4) is nearly not visible, which could result from small differences in tip sensitivity or from different molecular structure on the sample but most likely, it is the result of differences in the distribution of the oxide groups. Lack of absorption at 1720 cm -1 is consistent with a low concentration of C=O in the monolayer, as can also be seen in Fig. 3A, where the IR absorption map at 1720 cm -1 shows lower absorption over the monolayer than for the neighbouring multilayers. This could imply that the multilayers contain more carbonyl groups than the monolayer in this case, or the number of carbonyl groups over monolayer is below the detection limit of AFM-IR. By combining the information from the spectra in Figs   1B and 2B, we get a good perspective of the fingerprint region, with evident characteristic peaks for C-O. It is even possible to identify slight absorption shifts for specific positions, such as the C-O peaks from S2 and S3 in Fig. 2B . These cannot be resolved with standard IR. [14, 15] M A N U S C R I P T
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The inset of Fig. 2B shows that IR absorption increases proportionally with sample thickness for absorption at 1012 cm -1 and 1720 cm -1 . For each additional single layer of GO, IR absorption intensity increases by almost the same amount (i.e. 2 times relative to the value for a monolayer). Small variations most likely result from local variation in the GO structure or the type and density of oxygen bonding. The growth of intensity with the double of a monolayer suggests that monolayers are not homogeneous and have lower oxidation levels.
thickness dependent IR absorption has previously been observed in attenuated total reflectance AFM-IR, using an inverted microscope with laser excitation from below. [37] We further scanned other wavelengths to explore for other bonds. C-H stretches in the 2500-3600 cm -1 range are shown in Supplementary Fig. S5 for the same six sites as in Fig. 2A .
Absorption at 2854 cm -1 and 2924 cm -1 represent C-H stretching in aliphatic and aromatic groups. We did not detect any IR absorption in the 3000-3600 cm -1 range where hydroxyl stretching is expected [27, 33] such as would indicate adsorbed water and carboxyl groups. This is consistent with very little or no water associated with GO surfaces, which also agrees with the micro-FTIR spectra of few-layer GO shown in Supplementary Fig. S3 where vibration band from water could not be detected either. With FTIR experiments on bulk GO of Supplementary Fig. S6 , we can find a peak around 3400 cm -1 corresponding to hydroxyl stretching, which might originate from water in the bulk. Except for one spectrum, we found a similar relationship as C-O and C=O bonds between IR absorption and GO thickness for C-H groups, as shown by the inset of Supplementary Fig. S5 . The variation of absorption intensity for the C-H peak is likely a result of its heterogeneous distribution or orientation of this bond.
An IR absorption map generated from the GO flakes of Fig. 1 , at wavenumber 1720 cm -1 , is shown in Fig. 3A . This represents C=O stretches and is confined to the GO flakes. It is M A N U S C R I P T
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14 strongest along edges and folds in the multilayer but in the monolayer, absorption is more patchy so either the carbonyl groups are not present in some areas in the monolayer or the absorption is below the detection limit. It is more likely that carbonyl density varies locally than that detection is limited because absorption is clear along a fold in a monolayer (Dashed Line 2). As expected, no C=O absorption is observed on the bare gold surface. Our results are consistent with the LK model for GO, [7] i.e. C=O terminate the flake edges, but our results provide the justification to significantly extend from that model. They demonstrate that C=O is not only confined to the edges. From XPS spectra, it is clear that carbon atoms, in a carboxyl arrangement, make up a significant proportion of total carbon, 8.5% in our work. The low ratio of edge to plane carbon atoms in GO means that C=O must not sit only on edges. The map in Fig. 3A clearly demonstrates this. IR absorption is high along the edges and folds and also on the planes, in discrete domains on the multilayer GO, To show how absorption varies over edges and folds of GO, we made cross sections, with absorption and height profiles ( Fig. 3C and D) at the locations indicated in Fig. 3A and B. Fig.   3C shows that GO thickness is ~2 nm, i.e. a GO double layer. Absorption was strongest at the edge, where it was twice that of the single layer, but it was not zero on the plane, indicating C=O presence there as well. The profile in Fig. 3D was taken across a fold in the single layer GO. Absorption intensity is directly proportional to thickness but it does not scale linearly, suggesting higher density of C=O on the folding areas than on single graphene layers. The absorption and height profiles (Fig. 3C, D) can also be used to estimate the lateral resolution of AFM-IR on single and double layers of GO. Deduced from the absorption intensity curve, we found lateral resolution to be ~40 nm in this case. In comparison, the lateral resolution of conventional FTIR is always limited by the optical diffraction of the IR wavelength, which is several micrometres. [38] This is an important point. The AFM-IR technique improves spatial resolution by two orders of magnitude. suggests a dense coverage of C-O on the plane with increased density on some folds, while C=O is mainly concentrated on edges and folds where C-O is less abundant (arrow). In the plane of the single GO layer, the C=O absorption domains were much weaker than those of C-O. In the GO multilayers, C=O absorption domains were stronger on the plane and on some folds than on single GO layers. The effect of oxygen containing functional groups and defects on the folding and wrinkling behaviors can be important. The pristine graphene become intrinsically stable through wrinkling itself with an amplitude of about 0.1 nm and minimizing the total free energy by thermal fluctuation. [39] Apart from intrinsic wrinkles of graphene, the out-of-plane wrinkling has been observed by topological defect sites, where high elastic energy is relaxed by distorted lattices. [40] Upon adding one Stone-Wales defect in graphene, the local wrinkle is with an augmented amplitude of about 0.3 nm, while a row of Stone-Wales defects leads to a larger wrinkle of about 0.5 nm that resembles to folds. [41] Accordingly, graphene could wrinkle and fold easily if more topological defect sites exist.
Once the oxygens in the form of epoxy, hydroxyl and carboxyl groups attach to the graphene surface, the bonded carbon atoms will be pulled away from the original plane and the local carbon bond length enlarges. It induces the conversion of oxidized carbon from in-plane sp 2 hybridization to tetrahedral sp 3 hybridization, which makes graphene much easier to wrinkle M A N U S C R I P T
17 and fold. With same degree of functionality, carboxyl groups show a smaller shear stress than hydroxyls, indicating a higher degree of wrinkling. [42] In this picture oxygen functional groups concentrate at defective sites, leading to the formation of folds in GO this is consistent with our observations in the AFM-IR where the more oxygen functional groups preferentially sitting along folds and edges.
We built an updated structural model for GO on the base of the LK model, [7] so it would describe published data as well as the new results from high resolution IR imaging, namely, the presence of C=O on the eadge and plane. Although previous Scholz-Boehm [43] and Szabo-Dekany (SD) [44] models assumed the presence of C=O on basal planes of GO, there no carboxyls and epoxies present in the model, which was excluded by Casabianca et al. [9] From our experiments, we confirm parts of earlier proposed models that C=O on its edge (LK model) [7] and plane (SD model) [43] . Therefore, we propose an updated structural model for Lactone and anhydride, [35, 45] which are minor, can be considered to be combinations of ketone and ether. (3) Spatial distribution. C-O is mostly on the plane (Domain I, green); C=O is present on the planes but is more abundant on edges and folds (Domain II with vacancy defects, blue). In the LK model, carboxyl is present only at edges. Ketone groups in defective sites of C-C bonds are proposed in SD model and it is also present in edges of GO [16] .
Because of the abundance of available binding sites, C-O and C=O bonds are common on edges (Edge III, orange). Lactone and anhydride can also be decorated at the periphery of GO sheet. [8, 35] M A N U S C R I P T
18 The updated model describes the observed oxygen distribution, especially the presence of C=O on the interior and edge of GO. There are many ways that this can come about. A recent TEM study offered evidence of holes in the GO sheet. [17] Abundant defects in GO, either present initially or promoted by reaction with oxygen, provide sites for C=O formation.
Carbonyl pairs form where C-C bonds are broken. [44, 46] Another possibility is on folds, where higher strain in the bonds makes them easy to cleave and the extra space near neighbouring C atoms leads to C-O and C=O bond formation.
Conclusion
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In summary, we have demonstrated that for single and multilayer GO, the spatial distribution of C-O and C=O can be determined using AFM-IR, with resolution on the scale of a few tens of nanometres. From IR spectra at specific positions on GO, we observed C-O stretching at 900-1100 cm -1 , mainly from epoxy; at 1300-1450 cm -1 , from hydroxyl in various vibration modes; C=C stretching at 1600 cm -1 and C=O stretching at 1720 cm 
